The kinetics of inactivation of six enteric viruses plus simian virus 40 and Kilham rat virus by free available chlorine was studied under carefully controlled laboratory conditions. It was found that the different virus types demonstrated a wide range of susceptibility to chlorine disinfection. The rate of inactivation was greater at pH 6 than at pH 10; however, the relative susceptibilities of the different viruses were affected differently by a change in pH, suggesting that the pH influenced both the species of chlorine present and the susceptibility of the different viruses to chlorine. The presence of potassium chloride also affected the susceptibility of viruses to chlorine.
The kinetics of inactivation of six enteric viruses plus simian virus 40 and Kilham rat virus by free available chlorine was studied under carefully controlled laboratory conditions. It was found that the different virus types demonstrated a wide range of susceptibility to chlorine disinfection. The rate of inactivation was greater at pH 6 than at pH 10; however, the relative susceptibilities of the different viruses were affected differently by a change in pH, suggesting that the pH influenced both the species of chlorine present and the susceptibility of the different viruses to chlorine. The presence of potassium chloride also affected the susceptibility of viruses to chlorine.
It was common practice in the early studies on the virucidal action of chlorine to compare results with those achieved with Escherichia coli. For example, in what was perhaps the first well-defined study, Clark and Kabler (1) found purified coxsackievirus type A2 (coxsackie A2) to be quite resistant to free available chlorine in that the amount required to inactivate the virus was between 7 and 46 times that necessary to kill E. coli. In a subsequent study, it was observed that adenovirus type 3 and E. coli demonstrated about the same degree of susceptibility to free chlorine (2) .
In 1958, Weidenkopf (6) reported that 99% inactivation of poliovirus type 1 (polio 1) was achieved with 0.1 mg of free chlorine per liter in 10 min at pH 6 and 0°C. For the same degree of inactivation, increasing the pH to 7 increased the reaction time by approximately 50%. Both Weidenkopf (6) and Clark et al. (2) indicated that an increase in pH from 7 to 8.8 or 9 increased the inactivation time for viruses about sixfold. Considering the fact that the ratio of hypochlorous acid (HOCI) to hypochlorite ion (OCI-) is a function of pH, these results indicate that HOC1 is more effective in inactivating viruses than OC1-. However, an investigation reported by Scarpino et al. (4) showed that the 0Cl-ion was more effective than HOC1 in inactivating polio 1. In fact, OC1-was seven times more effective than HOCI. This observation was contrary to the findings of others (2, 6) and to the generally accepted understanding ofchlorine disinfection. It was indicated by Scarpino et al.
(4) that the borate-KCl-NaOH buffer used in their study may have caused the unusual HOCl-OC1-effect.
Of the other studies on the inactivation of viruses by chlorine reported in the literature, the detailed investigation performed by Liu et al. (3) is particularly noteworthy. In discussing inactivation of viruses by chlorine, the authors point out that, of the studies performed since 1950, only about nine enteric viruses have been tested for their response to chlorine, whereas over 100 enteric viruses have been described. Considering all the available data, they concluded that there was sufficient evidence to indicate that a range of differences in resistance to chlorine existed among the viruses examined. Except for adenovirus type 3, most viruses tested have shown a resistance to chlorine about 10 times greater than that of the enteric bacteria.
With this background, Liu minutes, cooled to room temperature, and exposed to ultraviolet light for 48 to 72 h to achieve dechlorination. All buffer solutions were analyzed for the absence of chlorine by the orthotolidine test before use. When the orthotolidine test was negative, the buffers were considered to be chlorine demand-free. The stock chlorine solutions (0.1% available chlorine) used in the inactivation experiments were prepared by using Clorox, since these solutions proved to be more stable than those prepared from chlorine gas. To compare the two chlorine solutions (Clorox versus chlorine gas), an inactivation experiment was performed with polio 1 by using both solutions; no difference was observed in the inactivation rate with the two chlorine solutions.
Experimental equipment and procedure. The virus inactivation experiments were performed by using a multiple laboratory stirrer (Phipps and Bird, Richmond, Va.), with separate stainless-steel beakers containing CDF buffer being used to monitor simultaneously virus inactivation, temperature, and free available residual chlorine (Wallace and Tieman, Amperometric Titrator, Penwalt Corp., Belleville, N.J.). To initiate a virus inactivation experiment, 1 ml of a virus preparation was added to 400 ml of CDF buffer having the appropriate free available residual chlorine concentration. At various times afterward, 5-ml portions were removed and added to sodium thiosulfate (12 mg/ml) to neutralize the chlorine, and the remaining viruses were titered.
The results present data from at least three sepa- All of the chlorine inactivation experiments were performed at 5 ± 0.20C. The pH never varied more than 0.5 unit during any experiment. The initial virus titer in each experiment was about 10' plaque-forming units/ml, and the dosage of chlorine was 0.50 to 0.53 mg/liter. The residual chlorine level, as measured amperometrically at the end of each experiment, often decreased but generally not more than 0.03 mg/ liter. This decrease represents approximately a 6% chlorine demand. Table 1 gives the range of residual chlorine at the end of each of three separate experiments for each of the viruses.
There was a significant difference in the time required for 99% inactivation of the various viruses at pH 6 and 10 (Table 1) . In every case, the rate of inactivation at pH 10 was dramatically less than at pH 6. For example, echo 1 was 99% inactivated in 0.5 min at pH 6 and in 96 min at pH 10, whereas polio 1 was 99% inactivated in 2.1 min at pH 6 and 21 min at pH 10.
The rank ordering in Table 1 demonstrates whereas others did not. For example, coxsackie A9 at pH 6 showed a rapid decrease in titer followed by a somewhat slower rate of inactivation, whereas coxsackie B5 appeared to be dramatically more resistant to chlorine (Fig. 1B) .
The half-life of coxsackie A9 was about 2 s, whereas the half-life of coxsackie B5 was approximately 0.5 min, a 15-fold difference. Figure 1A shows the kinetics of inactivation of polio 1 and 2 at pH 6 and 50C with 0.5 mg of free available chlorine residual per liter. These viruses had similar inactivation kinetics, contrary to the results of the two coxsackieviruses (Fig. 1B) . Initially, both polioviruses had a halflife of approximately 8 to 10 s. However, a significant difference in the rate of inactivation for polio 1 and polio 2 appeared after approximately 30 s of exposure to chlorine. Two logs of polio 1 were inactivated after 2 mi, whereas polio 2 was inactivated to the same extent in half the time. This is a consequence of the nonlinearity of the inactivation curves.
This nonlinearity was most likely due to a difference in degree of aggregation between the two viruses, although differences in the rate at which chlorine and the neutralizing thiosulfate solution penetrate the capsid could also have contributed. Limited results with sucrose gradients suggested that virus aggregation amounted to 0.5 to 8% of the particles in the virus stock preparations (data not shown). This is consistent with the deviation from single-hit kinetics of poliovirus, between 1-and 2-log inactivation (see Fig. 1A ). Whether strain-specific variations in the degree of aggregation consistently generate differences in inactivation kinetics remains to be determined. The results with polio 1 quantitatively agree with those reported by Weidenkopf (6) , including the biphasic nature of the curve.
Since phosphate buffer was used in preparing the CDF buffer solution at pH 6 and borate at pH 10, it was important to determine whether the buffers themselves affected the rates of inactivation. Figure 2 compares the kinetics of chlorine inactivation of polio 1 at pH 7.8, using both the borate and phosphate CDF buffer solutions. The curves are indistinguishable, indicating that the buffer ions were probably not responsible for the previous results.
Chlorine inactivation experiments were performed at pH 7.8 with echo 1, coxsackie B5, and echo 5 in order to have data comparable with those of Liu et al. (3) . Figure 3 compares the chlorine inactivation of these three viruses at pH 7.8 with 0.5 mg of free available chlorine per liter and at 5 ± 0.2°C. The times for 99.99% inactivation of these three viruses were less than the times reported by Liu et al. the data generated in this study indicated that echo 5 required 4.5 min, polio 1 required 3 min, echo 1 required 4.7 min, and coxsackie B5 required 6.7 min for the sarne degree of inactivation of the virus with 0.5 mg of free available chorine per liter at pH 7.8 but with CDF buffer solution and at 5°C. Comparing the results of these two independent studies and neglecting the small difference in temperature between the two sets of data, it would appear that the inactivation of the virus in natural water, i.e., Potomac River water, may differ significantly from that which occurs in CDF buffer solution. It is entirely possible that other technical differences could account for the divergence in results obtained in this study'and those of Liu et al. (3) .
Chlorine inactivation as a function of virus group. The picomnaviruses, having ribonucleic acid as their genetic material, appeared to differ widely in their susceptibility to chlorine (Table 1 ). The possibility that virus groups other than the enteroviruses might also differ greatly with respect to chlorine susceptibility was also considered. Thus, the susceptibility to chlorine of Kilham rat virus, a parvovirus containing single-stranded deoxyribonucleic acid, and SV40, a double-stranded deoxyribonucleic acid oncogenic virus, was determined. Although neither virus has been detected in water supplies, the response of both viruses to chlorine does confirm the observation that there is a wide range of chlorine susceptibility among the viruses. Tables 3 and 4 give the kinetics of inactivation of Kilham rat virus and SV40, respectively, at pH 6 with 0.5 mg of free available chlorine per liter and at a temperature of 50C.
Kilham rat virus was no more resistant to chlorine than any of the picornaviruses, being 99% inactivated in less than 20 s. SV40 was even more susceptible to chlorine than Kilham rat virus, being 99% inactivated in 10 s. Even though SV40 is considered by tumor virologists to be very hardy under adverse conditions, it appears to be extremely susceptible to chlorine.
Effect of potassium chloride on chlorine inactivation. Experiments were performed at SoC with 0.5 mg of free available chlorine per liter, using 0.05 M phosphate buffer (pH 6) and boric acid-NaOH buffer (pH 10) with and without 0.05 M KCI added, to further investigate the reversal effect of KCI that was observed by Scarpino et al. (4) . Their results indicated that inactivation of polio 1 was more effective at pH levels where the free available chlorine was predominantly in the form of OC1-rather than in the form of HOCI. It was reported that inactivation of polio 1 at pH 10 was seven times more rapid than at pH 6. This is contrary to the findings of other investigators. The buffer used by Scarpino et al. (4) in their pH 10 experiments was 0.05 M borate buffer (H3B03-KCl-NaOH).
The pH 10 buffer system used in this study was also boric acid and sodium hydroxide, but with and without added KCl.
The time required for 99% inactivation of polio 1 by 0.5 mg of free available chlorine per liter at pH 10 was decreased approximately 50 times by the addition of 0.05 M KCl to the boric acidNaOH buffer system (Fig. 4) . The rate of inactivation of polio 1 in 0.05 M phosphate buffer at pH 6, with and without 0.05 M KCO, was also studied (Fig. 5) . Once again, the addition of KCI decreased sixfold the time for 99% inactivation of polio 1.
DISCUSSION
The experimental results reported from this study demonstrate the importance of three variables affecting the susceptibility of viruses to chlorine disinfection: the virus type, the pH, and the ionic nature of the suspending medium. That different viruses can display large differences in susceptibility to chlorine was obvious even within the picornavirus group, which displayed a 64-fold range in the time required for 2-log inactivation at pH 10. A more extensive survey of virus types could revel even wider differences, as indicated by the fact that SV40 was even more susceptible to chlorine at pH 6 than was 
